Abstract. In this paper, we propose a new method for comparing scanpaths in a bottom-up approach, and a test of the scanpath theory. To do so, we conducted a laboratory experiment in which 113 participants were invited to accomplish a set of tasks on two different websites. For each site, they had to perform two tasks that had to be repeated ounce. The data were analyzed using a procedure similar to the one used by Duchowski et al. [8] . The first step was to automatically identify, then label, AOIs with the mean-shift clustering procedure [19] . Then, scanpaths were compared two by two with a modified version of the string-edit method, which take into account the order of AOIs visualizations [2] . Our results show that scanpaths variability between tasks but within participants seems to be lower than the variability within task for a given participant. In other words participants seem to be more coherent when they perform different tasks, than when they repeat the same tasks. In addition, participants view more of the same AOI when they perform a different task on the same Web page than when they repeated the same task. These results are quite different from what predicts the scanpath theory.
Introduction
Noton and Stark's [16] scanpath theory asserts that eye-movements tends to follow a "habitually preferred path" when people are exploring a visual scene. This means that people will exhibit approximately the same visualization sequence if they look at a particular stimulus twice. Josephson and Holmes [14] tested this theory on Web pages exploration. Their results where mixed. It appeared that a set of participants followed a preferred path, but sometimes, there were more within participants' variation in the scanpaths than variations between participants' paths. These results have raised important questions: how can we measure scanpaths variability and how can we compare different scanpaths. In other words, how can we show and measure similar and different scanpaths, or how can we classify people according to their scanpaths? These questions are worth answering both from a theoretical point of view and a practical point of view, i.e., for providing developers with design guidelines.
The aim of this paper is to test the scanpath theory and to propose a new method for comparing scanpaths.
The scanpath
Studies on scanpath aim at validating a model of eye movements to explain the behavior of users on the Web. Initially, these studies were conducted on relatively simple pictures. Now, some researchers are wondering if this model is still valid for complex documents such as Web pages, but also how this model can help analyze ocular behaviors.
Noton and Stark [16] were the first to introduce the notion of scanpath. It is the "habitually preferred path" for a given participant when he looks at a familiar object. So, the scanpath is a typical pattern of eye-movements when subjects recognize an object. Thus, according to these authors, each human would have a specific scanpath for any specific object.
Their idea is that the scanpath cannot be reduced to a simple eye movement aiming at aligning areas of the visual scene on the retina, but that the scanpath is a component of the memory for pattern recognition. Indeed, after the presentation of a new visual stimulus to a subject, the sensory and memory information is encoded (encoding scanpath). In a second presentation of the stimulus (recognition phase), the subject matches its internal representation of the stimulus with the stimulus presented.
In other words, the subject will reproduce the sequence of eye movements stored in memory by checking if the characteristics of the visual scene encoded are present. Once the scanpath is reconstituted, the subject recognizes the object. Thus, the scanpath can be viewed as a form of procedural knowledge.
According to Noton and Stark [16] , this conclusion is supported by two observations. On the one hand, the scanpaths were inconsistent between subjects, which suggests that they were not solely determined by the characteristics of the visual scene. On the other hand, the scanpath of a given subject differed according to the images presented, indicating that the scanpath was not stereotypical, but a consistent pattern of visualization for a particular image.
Josephson and Holmes [14] have tested the scanpath' theory on the Web. To do this, they asked subjects to view three different Web pages (respectively from a portal page, an advertising page and a news page) 48 hours apart.
To compare scanpaths within and betweensubjects, a string-edit method was used (see section 3). Results showed that scanpaths for the news Web page were more similar to each other than were the most similar sequences for the portal or advertising Web pages. According to the authors, these results suggest a lack of stability over time of the subject's scanpath and that there is a confounding memory effect. But for the other Web pages (portal and advertising), there was a strong within-subjects resemblance between scanpaths.
These findings suggest that subjects have their own viewing habits, but also that other variables seem to play a role on scanpaths such as memory or the characteristics of Web pages. However, this study had only a few participants and, according to the authors, statistics did not confirm their results.
The analysis of scanpaths: current approaches

Top-down approaches to the study of visual behavior
The top-down approach to the study of gaze behaviors concerns the use of areas or regions of interest (AOI or ROI), which are used to describe a Web page. The researcher generally defines these AOIs, and most of the softwares provided by eye-tracking systems manufacturers allow researchers to define, interactively, those regions. These can refer to different visual elements of a Web page such as images and logos, headers and titles, menus, links, paragraphs, search boxes, and so on. But the description of the Web page elements and their grouping can also be done according to their functions (i.e. identification points, reference points).
Static approaches
Within the top-down approach, the analyses can be done from static or dynamic point of views. The socalled "static" methods aggregate data such as fixation duration, the number of fixations or the length of scanpaths. Static methods provide a snapshot of the distribution of eye fixations within a Web page for several participants (see [24] for example). Then, it is possible to know which parts of Web pages are attractive or not under various experimental conditions. There are two trends in static methods: top-down and bottom-up approaches.
The top-down approach is characterized by making assumptions on areas viewed by users, sometimes based on certain experimental conditions (ex. type of website, type of task). We call this approach "topdown" because authors assume that some AOI have a meaning or a special role for users, which affects their visual behavior. From a methodological perspective, researchers generate a priori AOIs, which are subject of assumptions. Size or location of the AOIs depends entirely on the research objectives. With this approach, several studies have sought to understand behavioral variability. This is usually done in order to study the effect of different variables on the distribution of various static measures on a Web page or between AOIs. Researchers have thus studied the effects of the type of website [17] , the tasks [4, 22] or user-related variables such as age [5, 9, 10] , gender [4, 17] , experience [11] or culture [6] on users' viewing behaviors.
The bottom-up approach is more marginal in the literature. It consists in observing the overall distribution of eye tracking data on a Web page, without any assumption about their distribution in relation to the web page elements. From the results, authors try to infer a global model of users' eyes behavior. In this category, there is the well-know F-shaped pattern [15] , illustrated with a heatmap of the overall fixations distribution of several participants. This pattern is presented as the "dominant reading pattern", and looks like an "F" observed on different websites.
To our knowledge, only one study has attempted to apply this bottom-up approach to study the behavioral variability [21] . The objective was to compare eye patterns of elderly and young people. Results highlight different heatmaps by age group.
Despite their heuristic value, static methods can't reveal the dynamic nature of scanpaths. Behavioral variability is shown only from a static point of view (rate by AOI without order). Thus, no solution is proposed to study the ordered and temporal aspects of scanpaths.
Dynamic approaches
Another group of methods is called "dynamic" because they allow us, to some extent, to describe the order and temporal aspects of scanpaths. Thus, scanpaths comparisons can be more precise and detailed, particularly when studying behavioral variability. However, this kind of method is rarely used in the current literature, and is mainly represented by the alignment methods.
Alignment methods involve comparing scanpaths two by two. This comparison is made by transforming the scanpaths into strings of characters (each character corresponding to an AOI). There are two types of alignment methods: the first one is called "local". Its purpose is to find common sub-patterns between scanpaths [23] . The second one is called "global" and allows the comparison of the entire strings. In this second category of alignment methods, the string-edit distance (or Levenshtein distance) consists in comparing the scanpaths pairs by calculating a distance that takes into account the costs of substitution, insertion, and deletion (called indels) needed to transform a string into another [3] . Then, a dissimilarity index of two strings is calculated. Improvements of this string-edit method have been proposed, namely for taking into account common areas between scanpaths [18] and distances between AOIs [20] .
Few studies have applied this method on the Web. Josephson & Holmes [14] were the first to search for the determinants of the scanpaths. Their findings suggest that although subjects have their own viewing habits, other variables such as memory or the characteristics of Web pages seem to play a role on the scanpaths.
Although the string-edit method is the most often used method to study behavioral variability, it has not been developed to compare scanpaths, but to compare strings of characters in words. However, many things distinguish a word from a scanpath, including the notion of temporal order. The Levenshtein distance does not take into account the temporal proximity of viewing the same area between two scanpaths. In addition, there is no method for the definition of an AOI, including its granularity (a region of the Web page, a link, an image, etc.). To overcome AOI limitations, Santella and DeCarlo [19] proposed a method to automatically set AOI from eye fixations (based on Mean-shift clustering). To our knowledge, only Duchowski et al. [8] have applied this clustering method to define AOI and to compare scanpaths.
Recently Jarodzka and Holmqvist [13] tried a new approach based on the comparison of the shape of scanpaths combined with a series of other indicators. The advantage of this method is that it does not require the use of AOI. Nevertheless, the authors have not demonstrated, on real data, its superiority over conventional methods of alignment.
Limits of the dynamic approaches
The Levenshtein distance does not take into account the temporal proximity of the same area viewed in two scanpaths. For example, if the subject looks at area A at time t while the subject 2 looks at the same area at time t+1, the substitution will cost the same as if the subject 2 looks at this area at time t+10. And if subject 1 has already finished viewing the stimulus to t+10, the cost will be that of an indel. Thus, the Levenshtein distance is both insensitive to the order of visualization and very sensitive to the difference in length between scanpaths.
Although the approach of taking into account the AOI is attractive [20] , it suffers, however, from an important limitation: the substitution cost depends on the artifact of dividing a priori the screen into AOI. In addition, the temporal order of gaze points is not taken into account. All of this, limits the possibilities of tracking patterns of visual exploration.
3.1.4
Finding scan-patterns Aula, Majaranta and Räihä [1] attempted to determine the existence of patterns of visualizations on SERPs (Search Engine Result Pages). Their idea was that there are styles of visualization that are more or less effective in achieving a task of information retrieval. To do so, they visually inspected gaze plots of their participants. They then asked independent judges to categorize each participant's gaze plot. Two categories of users were identified.
Hembrooke, Feusner and Gay [12] suggested a method for deriving an "average" scanpath aggregated from many users viewing the same Website. This method uses a multiple sequence alignment algorithm to extract similarities among multiple patterns. Each pattern is then aligned as a sequence with another scan pattern. Using a multiple sequence alignment algorithm to iterate through all the patterns, similarities are preserved in intermediate alignments.
The final alignment is a pattern constructed from similarities among the multiple input patterns. Hence this single scan pattern can represent the behavior of the entire group.
In order to characterize and to compare scanpaths so as to uncover possible scan-patterns, Drusch and Bastien [7] has developed a clustering method based on the Hausdorff distance. The results have shown that scan-patterns could be identified: groups of users have been identified and their behaviors have been described with diverse eye-tracking metrics.
The scanpath theory asserts that subjects perform almost the same scan-pattern when they recognize a stimulus. Are these results reproducible on Web pages? According to Josephson and Holmes [14] , this would be the case. However, in their experiment, the sample was very small and participants did not have to perform a task. In, addition, the analyses were only based on the Levenshtein distance.
However, many questions remain. For example:
x Are these results reproducible on a large set of participants? x Are these results confirmed when participants are asked to perform precise tasks on a Web site? x Are the scanpaths more different between tasks than within task? x How can we study the variability of scanpaths? In what follows, we propose a new method for comparing scanpaths and a test of the scanpath theory.
Method
Participants
On hundred and thirteen French subjects were recruited for the study. Data from 13 subjects were discarded due to calibration problems. Their average age was 23 years old (ı = 3.72) with an equal proportion of men and women. Most of the subjects (97,7%) have used the Internet for at least 3 years and 88.6% of the participants indicated to be connected on the Web for at least one hour per day.
Apparatus
The Tobii T120 eye-tracking system with a resolution of 1280x1024 Pixels was used for the experiment. The Tobii Studio software (v.1.3.14) was used to manage the test and to extract eye-tracking data. A fixation was defined as a gaze of at least 100ms in a radius of 35 pixels.
Stimuli
Two French e-government Websites were selected for this study. Although recordings were performed on all the Web pages participants explored during task completion, only the navigation paths on the homepages are analyzed here.
Procedure
The experiment took place in a laboratory. Subjects were instructed to perform two tasks on each Website without any temporal restrictions (Table 1) . All subjects performed the tasks in the same order. First, and between each task, a calibration was performed. All the tasks were presented visually and verbally. Each task started from the homepage of each Website. The use of the keyboard was prohibited so as to prevent eye-tracking data loss, as well as the use of the search engine. 
Data analysis
Identification of the AOIs
For the identification of AOIs, we chose to apply Santella and DeCarlo's [19] method witch consist in generating a posteriori AOIs with the help of a clustering method based on the mean-shift algorithm.
AOIs were computed on all scanpaths. A unique identifier was assigned to each AOI. Thus, each scanpath corresponds to a sequence of characters, each character corresponding to a specific AOI. Thus a scanpath corresponds to a sequence of AOIs. Then, these sequences were simplified by removing repetitions [3] .
Scanpaths comparison: string-edit method revisited
To meet our objective, we have introduced a new way for calculating the costs of substitution and indels of the string-edit distance so that it best reflects the concept of scanpath (see [2] for more details). In our approach, substitution and insertion take into account the presence or not of a character in two scanpaths (Fig. 1) . Fig. 1 . Illustration of our approach: substitution and indels costs are related to the position of characters.
Substitution costs
For two scanpaths SP1 and SP2 of length n and m, the cost "S" of replacing a character x by another depends on the positions i and j of x respectively in SP1 and SP2. Since many substitutions are possible, only the one that represents the lowest cost must be retained. Thus, we have to find in the second scanpath the occurrence of x closest to i (Eq. 1).
S = | i -j | / max ( n,m )
(1)
Indel costs
For two scanpaths SP1 and SP2 of length n and m, the indel cost "I" of the character x depends on the presence or absence of x in both scanpaths. Thus, if the character x at position i in SP1 is also present in SP2, the indel cost will depend on the last position j of x in SP2. However, if this character is only present in one of two scanpaths the indel cost will be 1.
Using this procedure, a dissimilarity score is generated, for each pair of scanpaths. Thus a dissimilarity matrix may be obtained in which a score is given for all pairs of scanpaths.
Common AOIs
To better analyze the data, another indicator has been introduced. Following Privitera and Stark (2000), the rate of common AOIs between scanpaths (within-subjects) has been computed both for within (repeated tasks) and between tasks.
Other indicators
Various indicators were also computed: x Temporal indicators: scanpaths total durations (ms), average duration of fixations (ms), x Average number of fixations, x Length of scanpaths (pixels), x Dispersion of scanpaths, weighted by the duration of fixation points. A high dispersion index refers to a dispersed scanpath, x Convex Hull area (in pixels squared). A large convex Hull area refers to a scanpath with fixation points of high amplitude.
Results
To be able to compute within subject statistics, each participant had to provide data for each task and its repetition. Due to technical recording problems only 79 participants out of 100 were included in our analyses.
In the following paragraphs, we present within task (when a participant was asked to repeat the same task) and between tasks results (when a participant was asked to perform a new task on the same web site). Table 2 presents the dissimilarity scores as well as the rate of common AOIs for between and within tasks. In general, scanpaths variability (or dissimilarity) between tasks (0.59) appears to be lower than the variability within task (0.76). In other words, when participants repeated the tasks, the scanpaths observed during the first and second time appear to be less similar than the scanpaths observed when performing a different task on the same Web page.
In addition, the rate of common AOIs is lower in the within task condition (0.62) than when achieving a different task (0.78). In other words, when repeating the tasks, participants tended not to look at the same AOIs.
Common AOIs are less frequent within task (2.4 AOIs in average) than between tasks (7.418 AOIs on the average). A student t-test for paired samples shows that these differences are statistically significant (t (78) = -9.945, p = 0.0001) (Fig. 2) .
Scanpaths within tasks seems to be less extended on the Web pages. Indeed, fewer fixations are performed, their lengths are shorter, and scanpaths are less dispersed on the Web page. In addition, fixation durations are longer within tasks (see Table 3 ). Figure 3 illustrates the analysis of common AOIs within and between tasks for one participant. Between task 1 and task 2, 4 AOIs are common (respectively AOIs 1, 2 6 and 9). Between task 2 and the repetition of this task (task 2R), there is only one common AOI (AOI 8). As we can see in this example, AOI 8 is the last AOI viewed by the participant both on task 2 and the repetition of this task. In addition, the scanpath observed in the repetition of the task is shorter. Fig. 3 . Illustration of a scanpath in different tasks for a single participant.
Discussion
In this paper, we have proposed a new method for comparing scanpaths in a bottom-up approach and a test of the scanpath theory. To do so, we conducted a laboratory experiment in which 113 participants were invited to accomplish a set of tasks on two different websites. For each site, they had to perform, in the same order, two tasks that had to be repeated ounce. The data were analyzed using a procedure similar to the one used by Duchowski et al. [8] . The first step was to automatically identify, then label, AOIs with the mean-shift clustering procedure [19] . Then, scanpaths were compared two by two with a modified version of the string-edit method, which take into account the order of AOIs visualizations [2] .
Our results show that scanpaths variability between tasks but within participants seems to be lower than the variability within task for a given participant. In other words participants seem to be more coherent when they perform different tasks, than when they repeat the same tasks. In addition, participants view more of the same AOI when they perform a different task on the same Web page than when they repeated the same task.
These results are quite different from what predicts the scanpath theory. If there were a "habitually preferred path" for each participant, the same task, on a Web page, would have caused almost the same viewing behaviors for a given participant.
By studying more deeply the effect of the repetition of a task, we also found that scanpaths tended to be less extensive on the web page than between tasks, as if participants had learnt the organization of the page and wanted to go more directly to the target. This suggests that participants memorize the location that lead to their goal without taking a particular path previously exhibited.
Our results also differ from those of Josephson and Holmes who has observed similar patterns of visual behaviors within participants. Nevertheless, participants in their study had no specific task to perform on their Web pages. Our experimental protocol differs from theirs especially on this point. This suggests that learning occurs when searching for information. People tend to learn the structure of the Web page while searching for information. This may not be the case when peoples' visual exploration behaviors are not guided by an explicit task.
These results should however be interpreted with caution. Indeed, the scanpath theory cannot be invalidated on this basis only. It is in fact possible that repeating many times the same task, would allow a scanpath to appear. Our study does not answer this question. Future work will address this specific aspect.
